Introduction
============

Although the evolutionary details of the prokaryote-to-eukaryote transition are still incompletely resolved ([@bib9]; [@bib50]), the crucial role that mitochondria played in that transition is becoming increasingly evident ([@bib59]; [@bib58]). Presently, two main categories of competing hypotheses address the prokaryote-to-eukaryote transition: autogenous and symbiogenic ([@bib71]; [@bib27]; [@bib83]; [@bib57]). Autogenous models posit that eukaryotes arose from a single ancestral lineage via mutation in a gradualist type of evolutionary process. Symbiogenic models posit that eukaryotes arose via a symbiotic association of divergent prokaryotic cells, with symbiosis (and gene transfer from endosymbiont to host in some formulations) forging the prokaryote-to-eukaryote transition, with phases of evolutionary innovation marked by distinctly non-gradualist characteristics. Both the autogenous and the symbiogenic categories harbor a number of specific competing alternative hypotheses, respectively, each of which in turn generates testable predictions about the phylogenetic affinities of eukaryotic genes to prokaryotic homologues.

Among the autogenous models, three are currently discussed. The neomuran hypothesis ([@bib10]) argued in its original formulation that eukaryotes arose from cyanobacteria through conventional mutation and selection processes. In more modern formulations, the neomuran hypothesis posits that eukaryotes arose from actinobacteria ([@bib11]); hence, it predicts that eukaryotic genes should uncover detectable affinities to homologues encountered in contemporary actinobacterial genomes. A second and more recent---but far less explicit---autogenous model has it that eukaryotes are descended from planctomycetes or the planctomycete--verrumicrobia--chlamydia (PVC) group ([@bib21]). It predicts eukaryotic genes to uncover widespread sequence similarities to planctomycete homologues, a prediction that is so far unfulfilled ([@bib74]). A third autogenous theory has it that eukaryotes represent the ancestral state of cell organization and that prokaryotes are derived from eukaryotes via a process that was originally called streamlining ([@bib22]) and later called thermoreduction ([@bib32]). It predicts a three-domain topology for genes shared by eukaryotes and prokaryotes ([@bib33]). Common to autogenous theories is the assumption that mitochondria had no role in the prokaryote-to-eukaryote transition, a premise that has become increasingly problematic with data accrued over the last 10 years indicating 1) that mitochondria were present in the eukaryote common ancestor ([@bib28]; [@bib103]) and 2) that, for reasons of bioenergetics, mitochondria were strictly required for the origin of the molecular traits that make eukaryotic cells complex in comparison to their prokaryotic counterparts ([@bib59]).

Symbiogenic hypotheses can be generally divided into two subcategories. The first subcategory invokes an endosymbiosis to derive a mitochondrion-lacking cell that possess a nucleus, whereby the nuclear compartment is usually viewed as deriving from an endosymbiotic prokaryote. Among current formulations that derive the nucleus from endosymbiosis, the assumed symbiotic partners include 1) a *Thermoplasma*-like host and a spirochaete endosymbiont ([@bib64]), 2) a Gram-negative host and a crenarchaeal endosymbiont ([@bib54]; [@bib39]), 3) a δ-proteobacterial host and a methanogen-like endosymbiont ([@bib77]), 4) a γ-proteobacterial host and a *Pyrococcus*-like endosymbiont ([@bib43]), and 5) a planctomycete host and a *Crenarchaeum*-like nucleogenic endosymbiont ([@bib110]). Like autogenous theories, these models assume that mitochondria had no role in the prokaryote-to-eukaryote transition *sensu strictu* because a nucleus-forming endosymbiosis is presumed to have generated the eukaryotic lineage, one member of which then acquires the mitochondrion and the other members of which implicitly become extinct because all eukaryotic lineages possess a mitochondrion or did in their evolutionary past ([@bib103]). As discussed elsewhere, there are many serious fundamental problems with the view that the nucleus was ever a free-living prokaryote ([@bib65], [@bib67]; [@bib11]).

The second major subcategory among symbiogenic theories invokes endosymbiosis to derive the mitochondrion directly in a prokaryotic host, without any earlier additional symbiotic cell mergers. Because eukaryotes have an archaebacterial genetic apparatus ([@bib60]; [@bib88]; [@bib14]; [@bib49]; [@bib13]) and because mitochondria are clearly derived from an endosymbiotic proteobacterium ([@bib37]; [@bib4]), these theories posit that the host for the origin of mitochondria was a "garden variety" archaebacterium, either related to *Thermoplasma* ([@bib93]) or to hydrogen-dependent archaebacteria, with a physiology perhaps similar to methanogens ([@bib69]; [@bib104]). In these models, the nucleus arises after the origin of mitochondria and in an autogenous manner that does not require additional endosymbioses ([@bib68]).

All of the foregoing theories generate predictions with regard to the branching patterns expected in trees comprising both prokaryotic and eukaryotic genes. Comparatively, few tests of those predictions using alignments for many genes from complete genome data have been reported. Using pairwise sequence similarity matrices, [@bib31] found that among the 850 yeast genes having homologues among the small prokaryotic sample of 15 archaebacterial and 45 eubacterial genomes, roughly 75% of yeast nuclear-encoded proteins were more similar to eubacterial homologues than to archaebacterial homologues. Using a supertree approach, [@bib83] found that when the signal stemming from nuclear genes of cyanobacterial origin in plants is removed from the eukaryote data set, eukaryotes branch among α-proteobacteria, likely reflecting the signal of nuclear genes of mitochondrial origin, and when that signal is removed, eukaryotes then branched with the *Thermoplasma* lineage among euryarchaeotes. [@bib14] examined the concatenated phylogeny of genes corresponding to the informational class (information storage and processing) and found evidence linking the eukaryote host lineage to crenarchaeotes, in line with the prediction of the eocyte theory ([@bib53]). [@bib107] examined individual phylogenies and obtained conflicting results with respect to the euryarchaeal, crenarchaeal, or ancestral archaebacterial origin of eukaryotic informational genes. [@bib47] examined genes that link eukaryotes to archaebacteria and found evidence linking the eukaryotes to the *Crenarchaeum/Nitrosopumilus* (thaumarchaeal) lineage of archaebacteria.

Autogenous models and symbiogenic models also differ with respect to the predictions that they make about the ancestor of mitochondria and (in some cases) about the nature of eubacterially related genes in eukaryotic genomes. Several recent studies have addressed the origin of mitochondria, but have focused on sequences residing in mitochondrial DNA (mtDNA) ([@bib99]; [@bib7]; [@bib35]). Those studies delivered widely conflicting results because of the small sample of mitochondrion-encoded protein available---about 55 at most that can be used to generate trees ([@bib31])---and the phylogenetic biases introduced by the rapid evolutionary rate and AT richness of mtDNA, which can cause mtDNA-encoded proteins to artefactually group together with homologues from rapidly evolving and AT-rich bacterial lineages, like Rickettsiales ([@bib99]). Nuclear-encoded proteins should, in principle, be less subject to AT bias and the elevated substitution rate of mitochondrially encoded proteins. They provide a larger gene sample for investigation of mitochondrial origin or of organelle origins in general ([@bib20]) but that does not mean that they are fundamentally immune to bias or phylogenetic error.

Investigations of mitochondrial origin using many nuclear genes are still scarce. Trees for pyruvate dehydrogenase subunits pointed to *Rickettsia*-like ancestors ([@bib51]). Trees for Krebs cycle and glyoxylate cycle enzymes ([@bib92]) as well as trees for \>200 nuclear-encoded mitochondrial proteins from *Chlamydomonas* point more frequently to origins from generalist, facultatively anaerobic α-proteobacteria ([@bib4]), than to *Rickettsia*-like ancestors, whereby many proteins indicated a eubacterial, but not a specifically α-proteobacterial ancestry. Recent analysis of 86 yeast nuclear-encoded mitochondrial proteins produced a similar result: some point to *Rickettsia*-like ancestors and some point to facultatively anaerobic *Rhodobacter*-like ancestors ([@bib1]). Although many mitochondria function anaerobically ([@bib100]; [@bib3]; [@bib79]), nuclear genes for anaerobic mitochondrial energy metabolism cannot implicate *Rickettsia*-like ancestors because Rickettsias are strict aerobes that harbor no genes of anaerobic energy metabolism for comparison. Using an automated pipeline for phylogenetic trees, Gabaldon and Huynen (2003) identified 630 nuclear-encoded protein families that trace to the ancestor of mitochondria, although the α-proteobacteria themselves often failed to form a monophyletic group in that study, pointing to the role of LGT in prokaryote evolution.

Comparative genomics should permit a test of different models for eukaryote origins. Genes suited to such tests are those that are preserved in eukaryotic nuclear genomes that 1) have homologues in prokaryotes and 2) reflect eukaryote monophyly as evidence of their presence in the last eukaryote common ancestor (LECA). Here we have assembled alignments for 712 gene families from 27 eukaryotes, 926 eubacteria, and 68 archaebacteria in order to address the question: given the present (limited) genome sample, how many eukaryotic genes with prokaryotic homologues actually reflect a single origin? Those that trace to the eukaryote common ancestor allow us to furthermore ask: in which prokaryotic lineages are those genes currently found? We then contrast the results with the predictions generated by competing theories for eukaryote origins, but do so in a modern context taking into account the circumstance that free-living prokaryotes have been undergoing LGT during the time since eukaryotes arose, such that the collection of genes that eukaryotes acquired from the ancestor of mitochondria reflects a sample of ancient prokaryote gene diversity, not a collection of genes that we would expect to find in any contemporary free-living prokaryote ([@bib66]; [@bib30]; [@bib87]). In that sense, the concept of prokaryotic lineages is poorly defined when it comes to the phylogeny of individual genes ([@bib24]; [@bib5]), a circumstance that figures prominently in the interpretation of the results.

Methods
=======

Data
----

Proteomes of 27 eukaryotes and 994 prokaryotes were retrieved from the public databases. The following proteomes were downloaded from RefSeq database ([@bib85]): *Hydra magnipapillata*, *Ciona intestinales*, *Caenorhabditis elegans*, *Physcomitrella patens*, all 994 prokaryotes (11/2009 version), *Oryza sativa*, and all fungi and animal sequences (02/2008 version). Additional proteomes were retrieved from the JGI database (<http://www.jgi.doe.gov/>): *Populus trichocarpa* (v1.1), *Ostreococcus tauri* and *Chlamydomonas reinhardtii* (v3.1). The *Arabidopsis thaliana* proteome was downloaded from TAIR project ([@bib96]). The *Cyanidoschyzon merolae* proteome was downloaded from the genome project Web site ([@bib70]). The complete list of genomes used is given in [supplementary Table S1](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online.

Clusters of Homologous Proteins
-------------------------------

For the reconstruction of eukaryotic protein families, a reciprocal best Blast (v2.2.20; [@bib2]) hit procedure was used ([@bib97]). Only BBH having an *e*-value ≤1 × 10^−10^ were retained. Pairs of reciprocal BBHs were aligned using the Needleman--Wunsch algorithm by the *needle* program included in the EMBOSS package ([@bib86]). Homologous pairs having ≤40% identical amino acids were excluded from the data set. All remaining eukaryotic homologues were clustered into protein families with MCL (v1.008 [@bib29]) using the default parameters. This analysis yielded 37,101 protein families comprising 165,329 proteins. Excluding protein families comprising less than 4 members in total (18,116) or less than 3 main eukaryotic groups (animals, fungi, algae, plants) resulted in 1,122 protein families retained for further analysis. To find prokaryotic homologues to all clustered eukaryotic proteins, these proteins were BLASTed against 994 prokaryotic proteomes. A total of 367 clusters had no homologues within the prokaryotic genomes. Prokaryotic homologues were added to the clusters using a reciprocal BBH procedure applying an *e*-value threshold of ≤1 × 10^−10^ and ≥30% identical amino acids. All prokaryotic hits per eukaryotic query protein were added to the respective protein family, and redundant prokaryotic proteins were omitted. In case of multiple prokaryotic homologues in different strains of the same species, only one homologue having the highest sequence similarity was included in the protein family. The analysis resulted in 755 protein families of eukaryotic sequences and their prokaryotic homologues.

The functional classification of all protein families is based on the KOG database ([@bib98]). A total of 626 protein families that overlapped with KOG clusters were annotated to have the same function as the matching KOG. The remaining protein families were manually classified by sequence similarity to known KOGs using the KOGnitor tool (<http://www.ncbi.nlm.nih.gov/COG/grace/kognitor.html>). A total of seven protein families had no homologues in the KOG database and were annotated as unknown function.

Phylogenetic Analysis
---------------------

The protein families were aligned with MAFFT (v6.832b; [@bib46]) using Blosum62 substitution matrix ([@bib41]). Alignment quality was tested using the HoT procedure ([@bib55]) and 20 alignments having SPS \<70% were excluded from the data set. Phylogenetic trees were calculated from the alignments using maximum-likelihood approach with RAxML (v7.0.4; Stamatakis 2006). Substitution rate per site was estimated from a gamma distribution with four discrete rate categories and the WAG substitution matrix ([@bib106]). The proportion of invariable sites was estimated from the data. Eukaryotic monophyly within the reconstructed trees was tested using an in-house PERL script. A group is considered as monophyletic if there exists a bipartition (branch) in the tree that includes only species from that group. Thus in trees testifying eukaryotic monophyly, there exists a branch that splits between eukaryotes and prokaryotes.

Single eukaryotic sequences branching within the prokaryotic clade were manually tested for possible bacterial contaminations using BLAST at NCBI Web site (<http://blast.ncbi.nlm.nih.gov/Blast.cgi>) against the *nr* database. We manually excluded sequences that were obvious bacterial contaminations where possible. For example, 39 genes annotated as belonging to the Hydra genome actually belong to the genome of the eubacterial endosymbiont of *Hydra, Curvibacter spec*. ([@bib12]). Another eight genes in the *Populus* genome are \>90% identical at the amino acid level to prokaryotic proteins and were classified as a putative bacterial contamination, as were two sequences from the *Bos taurus* genome. In several cases, the bacterial contamination "*Hydra*" sequence was the only representative from the metazoa, such that in total 24 alignments were excluded from the analysis, leaving 712 alignments for analysis, which are available upon request.

To specify the sister group to the eukaryotes, there are several possibilities. In each tree, the branch connecting the monophyletic eukaryotic clade to the prokaryotes serves to splits the prokaryote clade into two groups, one of which is selected as the sister group. We tested several criteria to decide which is the sister group: the group with the smaller number of sequences, the group with the smaller average distance to the eukaryotes, and the group that does not include the root after midpoint rooting. The sister group frequencies inferred are robust to the three different criteria ([supplementary fig. S1](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online). For simplicity, we used the criterion of the smaller clade to specify the sister group, use of other criteria would not alter the results.

We did not initiate exhaustive topology searches or likelihood optimization efforts searches beyond those performed by RAxML in order to find more or fewer cases of eukaryote monophyly in the data. For those genes that did reflect eukaryote monophyly, we were interested in the identity and nature of the genomes harboring the nearest prokaryotic neighbors.

Network and Reference Tree Reconstruction
-----------------------------------------

The prokaryotic clade of the universal reference tree was retrieved from [@bib84] that reconstructed it from the ribosomal RNA operon sequences within a taxonomic framework. The tree was reconstructed for prokaryotic main taxa by using the consensus sequences of the ribosomal RNA genes for each bacterial group. The groups correspond to the phyla of the bacterial species or the class in the case of Proteobacteria and Firmicutes. Three archaebacterial groups including the Nanoarchaeota, Thaumarchaeota, and Korarchaeota that were missing in the [@bib84] tree were included according to their phylogenetic position in [@bib63]. The eukaryotic clade is a consensus tree reconstructed from 12 gene trees that include all eukaryotic species in our analysis (excluding the highly reduced genome of *Encephalitozoon cuniculi*). The network in [figure 8](#fig8){ref-type="fig"} combines 571 sister group specifications as lateral edges connecting vertical edges of the reference tree. The edge weight is the frequency in which species in the given prokaryotic taxon branched within the sister group to the eukaryotic clade. The universal tree with lateral edges signifying prokaryotic contributions was depicted with a MatLab^©^ script.

Results
=======

Eukaryotic Genes Reflect Single Origins
---------------------------------------

Clustering the eukaryotic and prokaryotic proteins by sequence similarity yielded 712 inter-kingdom families of homologous proteins. All protein families include at least three of the main eukaryotic groups: animals, fungi, algae, and plants. Phylogenetic trees were reconstructed from the protein families by a maximum-likelihood approach and rooted on the branch that maximizes the ratio between eukaryotes and prokaryotes in the resulting clades. The resulting rooted trees were classified into four categories according to the branching pattern of the eukaryotic species within the tree ([fig. 1](#fig1){ref-type="fig"}).

![A distribution of topologies among 712 inter-kingdom trees. The schematic trees on the right symbolize the branching patterns of eukaryotic and prokaryotic species observed in each category. (*a*) Eukaryotes and prokaryotes form monophyletic clades. (*b*) Eukaryotes are polyphyletic (≤6 eukaryotic species branch within the prokaryotic clade) and prokaryotes are paraphyletic. (*c*) Eukaryotes are paraphyletic (between 1 and 22 prokaryotic species branch within the eukaryotic clade) and prokaryotes are polyphyletic. (*d*) A mixed topology of eukaryotes and prokaryotes. The boxplots in the lower panel show the distribution of the number OTUs in trees where the eukaryotes are 1) monophyletic or 2) not monophyletic.](gbeevs018f01_3c){#fig1}

Most of the tree topologies (571/712, 80.2%) recovered the eukaryotic genes as a monophyletic clade. The remaining trees fell into three different categories in similar shares. In polyphyletic trees (46, 6.5%), there exists a branch that splits the tree into a eukaryotes-only clade and a prokaryotic clade that includes a few eukaryotes ([fig. 1*b*](#fig1){ref-type="fig"}). The frequency of eukaryotes in the prokaryotic clade ranged between 1 and 6 species. In 12 of those polyphyletic trees, the eukaryotes branching within the prokaryotic clade were photosynthetic eukaryotes branching as the nearest neighbors of cyanobacteria, the expected result for genes that were transferred from the ancestor of plastids into the nuclear genome of photosynthetic eukaryotes ([@bib101]). Genes in this group include the ClpB heat shock protein Kda100 (*C. reinhardtii*, *C. merolae*, and *O. tauri*) and phosphoglycerate kinase ([@bib8]) from *C. reinhardtii*, *C. merolae*, and *A. thaliana* ([supplementary Table 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online). Most (34) of the remaining trees in this category included a single eukaryote within the prokaryotic clade, with many proteins being annotated as "predicted protein" or "hypothetical protein." Genes of the red algae *C. merolae* branched frequently within the prokaryotic clade with 18 tree topologies placing this species within the prokaryotic clade next to a noncyanobacterial nearest neighbor ([supplementary Table 2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online).

Paraphyletic trees are the mirror image of polyphyletic trees, as they include a branch that splits the tree into a prokaryotes-only clade and a eukaryotic clade that includes several prokaryotes ([fig. 1*c*](#fig1){ref-type="fig"}). The number of prokaryotes in the latter clade ranged between 1 and 22 (see distribution in [supplementary fig. S2](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online). In 29 of the 46 paraphyletic trees, prokaryotes branching within the eukaryotic clade included one or more eukaryote-associated microbes (e.g., human pathogens and plant endosymbionts). These could be prokaryote acquisitions of eukaryotic homologues, as has been previously observed, for example for tubulin ([@bib82]). In six trees, all of the prokaryotes that branched within the eukaryotic clade were cyanobacterial species next to plants or algae. The mixed prokaryotic--eukaryotic branching pattern of the remaining 49 (6.9%) trees did not enable a clear cut rooting and classification of the trees into one of the above categories ([fig. 1*d*](#fig1){ref-type="fig"}). In trees with eukaryote monophyly, operational genes and informational genes are present in a ratio of 362:209, in the trees where eukaryotes are nonmonophyletic, operational genes are significantly enriched (129:12, *P* \< 0.0001).

LECA Genes with Prokaryotic Homologues
--------------------------------------

For 571 protein families, ML trees indicate eukaryote monophyly. Because we only considered trees that spanned the opisthokont/archaeplastida divide, and because of current views for the placement of the eukaryotic root ([@bib40]), eukaryote monophyly indicates their presence in LECA. The distribution across prokaryotic genomes of genes that appear as sisters to the eukaryotic nuclear copy is of interest because their phylogenetic affinities can, in principle, help to discriminate between competing theories for eukaryote origins. An overview of the results is shown in [figure 2](#fig2){ref-type="fig"}. For simplicity, the topologies can be divided into three general categories with respect to the taxonomic distribution of eukaryote sister genes among prokaryotes. Group 1: The sister genes occur only among genomes of one of the higher prokaryotic taxa shown in [figure 2](#fig2){ref-type="fig"}, for example, euryarchaeotes, thaumarchaeotes, α-proteobacteria, firmicutes, or the like. Among the 571 LECA gene families, 375 yield this result. Group 2: The sister genes are not restricted to a particular class or phylum but occur only among members of the archaebacteria or eubacteria, 165 alignments and trees yield this result. Group 3: The sister group to the eukaryotic nuclear gene includes genes that occur among members of both the archaebacteria and the eubacteria, 31 alignments and trees deliver this result.

![A presence--absence pattern (PAP) of the bacterial taxonomic groups in trees supporting the eukaryotic monophyly. The rows correspond to 571 trees in which the eukaryotes were monophyletic, the columns correspond to 22 bacterial groups. A cell *i*,*j* in the matrix is colored if tree *i* included a homologue from bacterial group *j*. Taxonomic groups harboring a gene that branches as a nearest neighbor to the eukaryotic clade in each tree are marked by a red cell. Taxonomic groups that are also present in the tree are marked by a gray cell. An asterisk indicates that species from the Chlamydiae, Verrumicrobia, and Plancomycetes taxa were combined into one group (PVC) ([@bib105]). Group 1 included only trees where exactly one bacterial group was found, Group 2 included trees where 1) only Archaea were found, 2) only proteobacteria were found, and 3) were only eubacteria were found. Group 3 included all other trees. The black and white bars on the right indicate whether the KOG underlying the tree belongs to an informational (Inf.) or to an operational (Op.) class ([@bib88]). The numbers in the top panel indicate the following. US: The number of times that the given taxon was the only taxon in the sister group to the eukaryotic sequence (unique sisterhood, US). TS: the number of times that the taxon was either included in a unique sister group or in a sister group consisting of mixture of prokaryotic taxa total sisterhood (TS). SP: the number of sequenced strains from that taxon in our genome sample.](gbeevs018f02_3c){#fig2}

The trees in Group 3 contain the least information and are also the easiest to interpret. Monophyletic eukaryotes nested within and as the sister to clades in which the archaebacteria and the eubacteria are interleaved indicate that the eukaryotic gene reflects a single origin, but that during the time subsequent to the origin of eukaryotes, the prokaryotic gene has undergone so much sequence divergence and/or LGT among prokaryotic groups that it is not possible to generate a strong inference about the source of that gene in LECA through the vantage point of phylogenetic trees. Many phylogenetic artefacts affecting the prokaryote topology might also rest in this category, distinguishing between LGT and phylogeny or alignment artefacts is not straightforward ([@bib90]). These 31 trees thus are equivocal about gene origins in LECA.

The 165 trees in Group 2 show the eukaryote nuclear genes branching as the sister to groups containing homologues present in several different archaebacterial or several different eubacterial higher taxa. These genes tend to reflect archaebacterial or eubacterial ancestries for the eukaryotic gene, respectively, without implicating a specific higher-level taxon as the donor lineage. Among these genes, 44 reflect an archaebacterial ancestry, whereas 121 reflect a eubacterial ancestry. Of the 44 archaebacterial-derived genes in the LECA, 28 belong to the informational class (involved in information storage and processing), whereas 103 out of the 121 eubacterial-derived LECA genes belong to the operational class (involved in biochemical and biosynthetic processes). Thus, the informational and operational classes of eukaryotic genes well-established in analyses of the yeast genome ([@bib88]; [@bib13]) as well as the preponderance of eubacterial-derived over archaebacterial-derived genes in eukaryotic genomes ([@bib31]; [@bib83]) are also evident for these 165 genes present in LECA. However, for these 165 trees, the sister group relationship to the eukaryotic gene appears more or less as a bucket of mixed pickles, but archaebacterial or eubacterial pickles. Although the proteobacteria are clearly the most frequently represented among the 121 trees indicating a eubacterial ancestry of the eukaryote nuclear genes, all eubacterial groups are ultimately represented.

The 375 trees that we classified as Group 1 show one of the higher prokaryotic taxa sampled as harboring the sister gene of the eukaryote common ancestor homologue. That is, the sister of the eukaryotic nuclear gene contained only members of one of the 21 higher prokaryotic taxa (22 including the category "other") shown in [figure 2](#fig2){ref-type="fig"}. The most frequent taxon uniquely harboring sister genes to genes present in the eukaryote common ancestor were the euryarchaeotes (77 genes), followed by the crenarchaeotes (44 genes), the α-proteobacteria (37 genes), the δ-proteobacteria (25 genes), the thaumarchaea (24 genes), the γ-proteobacteria (20 genes), the cyanobacteria (19 genes), the spirochaetes (17 genes), the korarchaeote (16 genes), the actinobacteria (15 genes), the PVC group (15 genes), the bacteriodetes (12 genes), etc. In fact, all of the higher taxa sampled harbor a gene with a sister group relationship to the eukaryotic nuclear homologue. Some might conclude from this that all prokaryote lineages sampled donated genes to LECA but that is a much too simplistic inference that entails unrealistic assumptions about the nature of prokaryotic lineages and the affects of LGT over geological timescales as outlined in the Discussion.

Functional Categories
---------------------

There are only 68 archaebacteria in our genome sample, and it is evident in [figure 2](#fig2){ref-type="fig"} that among those alignments and trees where eukaryotic genes branch with archaebacteria as sisters, the eubacteria are underrepresented. We plotted the frequency distribution of the number of Operational Taxonomic Units (OTUs) in the protein family and for the same distribution the proportion of archaebacterial sequences in each alignment, or tree, as shown in [figure 3](#fig3){ref-type="fig"}. Among trees having 68 prokaryotic taxa or fewer, there are 47 that contain only archaebacterial homologues and 61 in which over 90% of the OTUs are archaebacterial. With increasing numbers of prokaryotes in the trees, the proportion of archaebacteria declines quickly, and there is clearly a bimodal distribution with regard to the presence and frequency of archaebacterial sequences in the protein families containing fewer than, or more than, 68 prokaryotic sequences ([fig. 3](#fig3){ref-type="fig"}). Because this bimodality is not independent of the informational--operational gene dichotomy, we plotted functional category assignments against sister group relationship for the 571 genes showing eukaryote monophyly in two bins, that is, trees containing fewer than 68 prokaryotic sequences ([fig. 4*a*](#fig4){ref-type="fig"}) or more than 68 prokaryotic sequences ([fig. 4*b*](#fig4){ref-type="fig"}).

![Proportion of archaeal sequences per alignment in the data set. The left bar graph shows the distribution of bacterial sequences in all trees where the eukaryotes form a monophyletic clade in bin intervals of 10. The plot on the right indicates the proportion of archaeabacterial sequences in each tree. There were only 68 archaea in the data, hence a skew distribution of trees containing many or mostly archaeabacterial sequences versus eubacterial sequences in alignments with more than 68 OTUs (see also [fig. 4](#fig4){ref-type="fig"}).](gbeevs018f03_3c){#fig3}

![Three-dimensional bar graphs of prokaryotic groups found as sister groups to the eukaryotes distributed across functional categories according to KOG groups. The four main groups are information storage and processing (classes colored in blue), cellular processes and signaling (classes colored in green), metabolism (classes colored in gray), and poorly characterized proteins (classes colored in black). (*a*) Including the data from trees with 68 or fewer prokaryotic sequences. (*b*) Including the data from trees with more than 68 bacterial sequences. Bar height and color indicate how often a certain group was found in a tree belonging to a certain category.](gbeevs018f04_3c){#fig4}

In [figure 4*a*](#fig4){ref-type="fig"}, the archaebacterial nature of the eukaryotic genetic apparatus, ribosome biogenesis in particular, stands out. [Figure 4*b*](#fig4){ref-type="fig"} summarizes the eukaryote sisterhood frequencies for the trees with stronger eubacterial representation. In addition to the archaebacterial informational signal, the most notable feature of [figure 4*b*](#fig4){ref-type="fig"} is the frequency with which proteobacteria branch as sister to the eukaryotes in operational genes, in particular energy metabolism. We note that the frequencies in [figure 4](#fig4){ref-type="fig"} have not been normalized with respect to the number of species or genes per category. For example, the high frequency of euryarchaeotal sisterhood observed is not completely independent of the heavier taxon sampling for euryarchaeotes, which are twice as frequent in the data (43 genomes) as crenarchaeotes (22 genomes). In the same vein, the appreciable frequency of γ-proteobacterial sisterhood in energy metabolism category or firmicute sisterhood in the category posttranslational modification and chaperones ([fig. 4](#fig4){ref-type="fig"}) is not independent of the large number of genomes sampled for these groups in our data, which is, for obvious reasons, strongly skewed toward pathogens: the 236 γ-proteobacterial and 184 firmicute genomes in our data ([fig. 2](#fig2){ref-type="fig"}, top). However, normalization is not as easy as it might seem because many of the elements on both matrices ([fig. 4*a* and *b*](#fig4){ref-type="fig"}) are empty and because the genomes within the higher taxa indicted are extremely diverse with respect to genome size and frequencies of various functional categories. We plotted sisterhood occurrence for how often a gene from the taxon was found in the sister clade normalized by the frequency of genes in that taxon that are present in the trees, hence capable of appearing as the eukaryote sister. Although there are sufficient number of observations to normalize at the level of taxa, when normalization is extended to functional categories, spurious results are obtained, even when the empty or nearly empty elements of the matrix are removed ([supplementary fig. S3](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online).

The apparent strong contributions of euryarchaeotes and α-proteobacteria are notable and robust. Among the archaebacteria, the crenarchaeotes are, on a per gene basis, more frequently found in the sister group than the euryarchaeotes ([fig. 5*a*](#fig5){ref-type="fig"}). Among the α-proteobacteria, there is a positive correlation (ρ = 0.0437, *P* = 2.8 × 10^−6^) between genome size and eukaryote sisterhood frequency ([fig. 5*b*](#fig5){ref-type="fig"}), indicating in the simplest interpretation, that the ancestor of mitochondria had a large genome. If we reduce the result of the functional category analysis to its most basic statement, the data reveal clear evidence for the archaebacterial nature of the eukaryotic genetic apparatus and the eubacterial nature of eukaryotic energy metabolism.

![Correlation between genome size and strain presence in the eukaryotic sister clade. (*a*) All archaebacterial species that were found as eukaryotic sisters plotted against their genome size. Correlation was measured using the spearman rang correlation, resulted in ρ = --0.1106, *P* = 0.3882. (*b*) All α-proteobacterial species that were found as eukaryotic sisters plotted against their genome size. Correlation was measured using the Spearman rang correlation, resulted in ρ = 0.4371 and *P* = 2.8 × 10^−6^.](gbeevs018f05_3c){#fig5}

Genes Dispersed (Widely) from the Ancestor of Mitochondria
----------------------------------------------------------

Theories on the origin of eukaryotes differ with respect to the role of mitochondria therein. Some theories view the origin of mitochondria as distinct from and mechanistically irrelevant to the origin of eukaryotes ([@bib52]; [@bib33]). Others view the origin of mitochondria as coinciding with the origin of eukaryotes ([@bib69]; [@bib27]), as having precipitated the origin of the nucleus ([@bib68]), and as an energetic *conditio sine qua non* for the origin of eukaryote-specific gene families that underpin eukaryotic cell and cell cycle complexity ([@bib59]). Most studies aiming to identify the sister group to mitochondria have focused on genes encoded in mtDNA. But mtDNA-encoded proteins are often highly divergent or rapidly evolving and phylogenetic problems thus arise with their tendency to branch with proteins from other rapidly evolving lineages such as Rickettsias (Bridefalk et al. 2011; [@bib35]; [@bib99]). In phylogenetics, the problem is well-known and called long-branch attraction ([@bib61]). The most slowly evolving prokaryotic homologues of eukaryotic nuclear-encoded proteins should be least affected by long-branch attraction, and nuclear genome data have not been examined from that standpoint so far. Hence we examined all 571 trees showing eukaryote monophyly to find the prokaryotic homologues that had the least total distance (the shortest path) in the ML tree to the eukaryotic nuclear genes. The result (not shown) was similar to [figure 4*a*](#fig4){ref-type="fig"} and [*b*](#fig4){ref-type="fig"} in that the highest frequencies of sister group occurrence were observed in the euryarchaeotal category for ribosome biogenessis and the α-proteobacterial category energy metabolism.

The α-proteobacterial genomes harboring the slowly evolving genes were mainly facultative anaerobes from the Rhodospirilliaceae (*Magnetospirillum* and *Rhodospirillum*) with the spectrum of functions represented being metabolic and thereby very distinct from the ribosomal proteins and respiratory chain components that are typically encoded in mitochondrial genomes ([fig. 6](#fig6){ref-type="fig"}). Thus, the result that one obtains for the inferred nature of the ancestor of mitochondria depends strongly upon which genes one considers: The fast-evolving genes in mtDNA often point to a fast-evolving mitochondrial ancestor related to Rickettsias (Bridefalk et al. 2011; [@bib99]; but see also [@bib31] and [@bib1] for different results), whereas the proteins encoded in nuclear DNA point to facultative anaerobic generalist α-proteobacteria as the mitochondrial ancestor ([@bib4])---the most slowly evolving proteins in particular---as seen in [figure 6](#fig6){ref-type="fig"}.

![Frequency of single α-proteobacterial species found on the shortest path to the eukaryotic clade, by summing up the branch lengths. For each of the respective sequences, the functional annotation is also given. Abbreviations refer to α-proteobacterial families. Rsp: Rhodospirillales, Rhiz: Rhizobiales, Rick: Rickettsiales, Rdb: Rhodobacterales, Sph: Sphingomonadales, and Caul: Caulobacterales.](gbeevs018f06_3c){#fig6}

There are 106 α-proteobacteria in our sample, about one-fourth of which are intracellular pathogens belonging to the Rickettsiales. [Figure 7](#fig7){ref-type="fig"} plots the frequency of proteins from 106 α-proteobacterial genomes appearing in the sister group to the eukaryotic genes (dark blue fields), how often each genome harbors a protein that does not branch as the eukaryote sister (light blue fields), or whether the gene is missing in the genome altogether (white fields). The α-proteobacterial strains with the highest frequency of occurrence in the sister group were *Rhizobium* NGR 234 (Rhizobiales, 38 times), *Beijerinckia indica* ATCC 9039 (Rhizobiales, 36 times), *Acidiphilium cryptum* JF-5 (Rhodospirillales, 35 times), *Ruegeria pomeroyi* DSS 3 (Rhodobacterales, 35 times), *Sinorhizobium meliloti* (Rhizobiales, 35 times), *Azorhizobium caulinodans* ORS 571 (Rhizobiales, 35 times), and *Methylobacterium nodulans* ORS 2060 (Rhizobiales, 35 times; for the complete list see [supplementary Table S3](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1), [Supplementary Material](http://www.gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evs018/-/DC1) online). Clearly, among those genes where an α-proteobacterial homologue resides in the eukaryote sister group, different genes implicate different ancestors of mitochondria within the α-proteobacteria, and each of the genomes is implicated as the sister of a eukaryotic nuclear gene at least once. It has been suggested that such patterns could reflect multiple origins of mitochondria ([@bib35]). It is more likely however, in our view, that such patterns reflect a single origin of mitochondria followed by subsequent LGT among free-living prokaryotes ([@bib66]; [@bib87]).

![Distribution of α-proteobacterial groups found as sister group to the eukaryotic clade. These presence absence matrix gives the functional description of all 104 trees (as rows) where the α-proteobacteria (106 different species, as columns) were found as the eukaryotic sister clade. The color indicates whether a group was found as sister clade (deep blue) or was just present in the tree (light blue). Abbreviations of α-proteobacterial families as given in the legend to [figure 6](#fig6){ref-type="fig"}.](gbeevs018f07_3c){#fig7}

![Network linking apparent prokaryotic donors to the eukaryote common ancestor according to the present findings. This network based on a traditional phylogenetic tree to which lateral edges were added. Color intensity and width of the lateral edges reflect the frequencies with which these groups appear as sisters to the eukaryotic clade.](gbeevs018f08_3c){#fig8}

A Network Linking LECA to Prokaryotes
-------------------------------------

Based on the current sample of 994 genomes, 571 trees implicate many different prokaryotes as gene donors to the eukaryote common ancestor ([fig. 7](#fig7){ref-type="fig"}). In fact, the trees implicate all 22 prokaryote higher taxa sampled here are gene donors to LECA (f[igs. 2](#fig2){ref-type="fig"} and [4](#fig4){ref-type="fig"}). [Figure 8](#fig8){ref-type="fig"} summarizes those results in a network in which the weight of the edges connecting prokaryotes to LECA reflects the relative frequency of gene contribution to LECA by the respective lineage in the current sample. The eubacterial contributions are shaded blue, the archaebacterial contributions are shaded red, and the retention of genes from both sources in diversifying eukaryotic lineages is indicated accordingly. As in earlier studies ([@bib31]; [@bib89]; [@bib16]; [@bib83]), the eubacterial contribution to eukaryotic genomes is quantitatively predominant, a crucial circumstance that is still too often overlooked ([@bib38]). These distinct contributions from archaebacteria and eubacteria require a network-based framework, rather than a tree-based framework, for addressing eukaryote origins. Under the simplest working hypothesis, the eubacterial and the archaebacterial contributions stem from only one cellular donor each, the eubacterial ancestor of mitochondria and its archaebacterial host, respectively. The (erroneous, in our view) implication of several different donor lineages stems merely from the natural workings of LGT among free-living prokaryotes subsequent to the origin of eukaryotes, as sketched in [figure 9](#fig9){ref-type="fig"}.

![Lateral gene transfer between free-living prokaryotes subsequent to the origin of organelles requires that we think at least twice when interpreting phylogenetic trees for genes that were acquired from mitochondria (or chloroplasts, not shown). Genes that entered the eukaryotic lineage via the genome of the mitochondrial endosymbiont represent a genome-sized sample of prokaryotic gene diversity that existed at the time that mitochondria arose. The uniformly colored chromosomes at *t*~0~ indicate that at the time of mitochondrial origin, there existed for individual prokaryotes specific collections of genes in genomes, much like we see for strains of *Escherichiacoli* today. If an *E. coli* cell would become an endosymbiont today, it would not introduce an *E. coli* pangenome's worth of gene diversity (some 18,000 genes) into its host lineage, rather it would introduce some 4,500 genes or so. The free-living relatives of that endosymbiont would go on reassorting genes across chromosomes via gene transfer at the pangenome (species and strain) level, at the genus level, at the family level, and at the level of proteobacteria, the environment, and so forth. After 1.5 billion years, it would be very unreasonable to expect any contemporary prokaryote to harbor exactly the same collection of genes as the original endosymbiont did. Instead, the descendant genes of the endosymbiont (labeled blue in the figure) would be dispersed about myriad chromosomes, and we would eventually find them one at a time through genome sequencing of individuals from different groups. Though not shown here, for reasons of space limitation, exactly the same process also applies, in principle, for the host's genome. Redrawn from [@bib66] and from figure 5 of [@bib91].](gbeevs018f09_3c){#fig9}

In order for that explanation to be tenable, a considerable amount of LGT must have occurred for the genes under study among the ancestors of the groups sampled here. To see if there is evidence for that, we looked to see how often the prokaryotic groups in question were monophyletic across the 571 trees for which the eukaryotes were monophyletic. The result is shown in [Table 1](#tbl1){ref-type="table"}. The worst "LGT offenders" were the δ-proteobacteria, the firmicutes, and the γ-proteobacteria, which each were monophyletic groups in less than 10% of the trees studied. Aside from archaebacteria and α-proteobacteria, these three groups were also the largest apparent contributors to the functional classes in [figure 4*b*](#fig4){ref-type="fig"}.

###### 

Prokaryote Monophyly in Eukaryote Monophyly Trees

                                                    Degree of Prokaryote Monophyly           
  ------------------------------------------------- -------------------------------- ------- -------
  Chlamydiae                                        0.844                            0.856   0.962
  Chlorobi                                          0.672                            0.695   0.893
  Deinococcus                                       0.654                            0.693   0.882
  Thermotogae                                       0.579                            0.635   0.851
  ε-Proteobacteria                                  0.534                            0.583   0.785
  Cyanobacteria                                     0.473                            0.557   0.760
  Crenarchaeota                                     0.341                            0.598   0.660
  Chloroflexi                                       0.286                            0.364   0.665
  Spirochaetes                                      0.249                            0.298   0.641
  β-Proteobacteria                                  0.237                            0.415   0.501
  Bacteroidetes                                     0.214                            0.334   0.642
  Euryarchaeota                                     0.200                            0.476   0.505
  α-Proteobacteria                                  0.194                            0.398   0.499
  Actinobacteria                                    0.170                            0.359   0.534
  Archaea, other[d](#tblfn4){ref-type="table-fn"}   0.092                            0.159   0.486
  γ-Proteobacteria                                  0.090                            0.382   0.325
  Firmicutes                                        0.080                            0.310   0.345
  δ-Proteobacteria                                  0.056                            0.152   0.361
  Bacteria, other                                   0.038                            0.099   0.292

The proportion of trees in which the group is monophyletic.

The proportion of the members of the given group that are present in the tree and contained within the smallest clade containing all members of the group (and members of other groups); *n*~group~/*n*~clade~, where *n*~group~ is the number of members of the group in the clade and *n*~clade~ is the number of OTUs in that clade. Value shown is the mean across all trees.

The proportion of the members of the given group that are present in the tree and contained within the group's largest monophyletic clade; *n*~group{clade}~/*n*~group{tree}~, where *n*~group{clade}~ is the number of members of the group in the clade and *n*~group{tree}~ is the number of group members in the tree. Value shown is the mean across all trees.

Designates a grouping of Nanoarchaea, Thaumarchaea, and Korarchaeota lumped together, the individual samples of which are either one or too small to consider monophyly.

Discussion
==========

Single Ancient Acquisition, Not Continuous Influx
-------------------------------------------------

We identified and investigated 712 eukaryotic protein families that have prokaryotic homologues. Of those trees, 571 (80%) reflect a single origin for the eukaryotic gene. For the remaining 141 genes whose trees do not directly reflect a single origin, there are causes other than LGT from prokaryotes to eukaryotes that can readily account for the lack of observed eukaryote monophyly, the two most obvious of which are computational (phylogenetic parameters) and biological (differential loss). Examining alignment characteristics that are correlated with the inference of LGT from discordant branching, [@bib90] found that the number of OTUs in the alignment (tree) was among the most highly correlated with LGT inference: the more OTUs in the alignment, the more likely the inference of LGT. The median number (± standard error) of OTUs in our 141 trees that did not recover eukaryote monophyly is 337 ± 179, which is significantly higher (*P* \< 10^−11^) than the median value of 115 ± 193 for the 571 trees in which the eukaryotes comprised a monophyletic group. The large number of OTUs is potentially a biased source of alignment and phylogeny artefacts that could disrupt eukaryote monophyly.

Another mechanism that could readily produce the 141 cases of eukaryote non-monophyly is differential loss among paralogous gene families that were inherited as paralogs from the mitochondrial ancestor in LECA. About 50% of the genes in an average contemporary prokaryotic genome have duplicates within the genome ([@bib42]). For our present considerations, it is immaterial whether the source of the duplicated prokaryotic gene is from within the chromosome or via lateral acquisition, although genome data argue in favor of the latter ([@bib102]). If the mitochondrial ancestor had a typical genome with about 4,000 genes, it would have then harbored about 2,000 genes existing within paralogous families, like *Escherichia coli* or *Bacillus subtilis* do ([@bib19]). Transfer from a single source, for example the host or the mitochondrial ancestor, followed by differential loss within such gene families during eukaryote evolution ([@bib108]), would produce non-monophyletic eukaryote trees in a manner that does not involve LGT.

At the same time, there are limits as to how many such patterns can be explained with differential loss only. If differential loss (instead of LGT) is invoked to explain the presence/absence patterns of all nonuniversally distributed genes, the Genome of Eden problem ([@bib25]) ensues: inferred ancestral genome sizes become orders of magnitude larger than any observed contemporary prokaryotic genome, an untenable proposition ([@bib17]). But for a mere 140 genes families the situation is less severe, especially given that the genome of the mitochondrial ancestor probably harbored on the order ∼1,000 gene families. Furthermore, at least eight ancient gene duplicate pairs (16 gene families) have been universally, or nearly so, conserved across prokaryotic genomes ([@bib18]). Thus, it would be unreasonable to assume that there was neither paralogy nor differential loss in the 20% fraction of trees where eukaryotes appeared non-monophyletic, especially given that 50% of a typical prokaryotic genome falls into intragenomic gene families.

Given eukaryote age, there have been ∼1.8 billion years ([@bib81]) of opportunity for these eukaryote lineages to reacquire these 571 genes from prokarytes via LGT. But that has not happened, indicating that LGT from prokaryotes to eukaryotes---outside the context of endosymbiotic organelle origins---is rare in eukaryote evolution. It is certainly far more rare than LGT among prokaryotes in evolution. This is consistent with the lack of functional gene acquisition by aphids from *Buchnera* endosymbionts ([@bib80]), despite more than 100 million years of intracellular coevolution. By contrast, at the origins of chloroplasts and mitochondria, gene transfers from the genomes of the respective endosymbionts and functional integration of those genes into the metabolism of the resulting cell were abundant ([@bib101]; [@bib56]).

Much current thinking on eukaryote origins is still focused on debating the branching orders in alternative trees ([@bib38]): a tree *x* versus tree *y* debate. But a spectrum of alternatives that consider only trees is not broad enough. A considerable amount of evidence indicates that the process of eukaryote origins was not tree-like to begin with. Eukaryote genome evolution entails many non--tree-like processes, and these non--tree-like events (endosymbiosis and gene transfer) could be the decisive events in eukaryote evolution ([@bib59]; [@bib50]). Gene origin and evolution in the eukaryotic tree of life has many tree-like components ([@bib5]). But when the overall process of eukaryote (genome) evolution is set in the context of a realistic model of prokaryotic genome evolution, with abundant gene transfer among prokaryotes and occasional major influxes into eukaryote genomes via endosymbiosis and gene transfers from organelles, the non-treelike evolutionary events ([@bib56]; [@bib72]) stand out---they are components of eukaryote genome evolution that do not fit on a tree. They require network approaches.

Many Theories and Many Trees
----------------------------

Among the 571 trees that recovered eukaryote monophyly, the higher prokaryotic taxa harboring a gene with a sister group relationship to the eukaryotic nuclear homologue are shown in [figure 2](#fig2){ref-type="fig"}. These genes could provide evidence to discriminate between different current theories for eukaryote origin. We start with theories that received the least support.

One theory has it that the eukaryotic lineage is of equal age as the two prokaryotic domains ([@bib52]); it predicts that we should mainly obtain a topology of three monophyletic domains among our trees. The three-domain tree was however observed in only three cases out of 571 (0.5% of all trees): the 60s ribosomal protein L2/L8 (KOG2309), the 40S ribosomal protein S16 (KOG1753), and the large subunit of RNA polymerase III (KOG0261). [@bib38] argued that the three-domain tree is correct, but reported no new analyses to test that view and considered only a specific subset of genes---those that specifically link eukaryotes and archaebacteria and hence fit the metaphor of a tree. In doing so, they disregared the eubacterial majority of genes in eukaryotic genomes. Among theories considered here, the three-domain tree received the least support. The next lowest rung on the ladder of support is occupied by the theory that the eukaryotic nucleus arose within an endospore forming Gram-positive bacterium ([@bib36]), in which case eukaryotes should branch with firmicutes, which was observed in only 11 trees ([fig. 2](#fig2){ref-type="fig"}).

That is followed by theories that entail the planctomycetes (the PVC group) as intermediate steps in the prokaryote-to-eukaryote transition ([@bib21]) or as the host for an endosymbiotic origin of the nucleus ([@bib110]). PVC sisterhood is observed in 15 trees (2.6%). That is the same level of support as current versions of the neomuran theory receive ([@bib11]) because actinobacteria branched as eukaryote sisters in 15 trees. The theory of the late Lynn Margulis that spirochaetes were crucial to eukaryote origin via the simultaneous origin of eukaryotic flagella and the nucleus ([@bib64]) fared incrementally better, with 17 trees pegging spirochaetes as eukaryotic sisters ([fig. 2](#fig2){ref-type="fig"}). Better still fared the original version of the neomuran theory ([@bib10]) with eukaryotes viewed as direct descendants of cyanobacteria (19 trees).

Some theories have it that the nucleus arose as an archaebacterial endosymbiont in a Gram-negative host ([@bib39]), in some formulations a γ-proteobacterial host ([@bib43]). The corresponding γ-proteobacterial sisterhood is observed in 20 trees. Related theories have it that the host for an endosymbiotic origin of the nucleus was a δ-proteobacterium ([@bib77]), a topology that is observed for 25 genes ([fig. 2](#fig2){ref-type="fig"}). Although an endosymbiotic theory for the origin of the nucleus belongs to the very first formulations of endosymbiotic theory ([@bib75], [@bib76]), there are a number of fundamental and serious problems with the view that the nucleus was ever free-living prokaryote ([@bib65]; [@bib11]).

Several modern formulations of endosymbiotic theory that posit only two cells at eukaryote origin, an archaebacterial host and a mitochondrial endosymbiont ([@bib93]; [@bib69]; [@bib104]). One formulation of endosymbiotic theory entailing a prokaryotic host posits mass transfer of genes from the genome of the mitochondrial endosymbiont to the chromosomes of the host, while directly accounting for the common ancestry of mitochondria and hydrogenosomes ([@bib69]), and an autogenous origin of the nucleus in a mitochondrion-bearing cell, mechanistically precipitated via the invasion of Group II introns from the symbiont into the host's chromosomes and their transition there to spliceosomal introns ([@bib68]). This is supported by the most frequent class of eubacterial sisterhood observed was for α-proteobacteria (37 genes; [fig. 2](#fig2){ref-type="fig"}).

The archaebacterial genomes sampled revealed some cases of eukaryotic sisterhood for Nanoarchaea ([@bib45]) and Korarchaeota ([@bib26]), which have so far not been implicated in eukaryote origins, as well as more frequent sisterhood for mesophilic crenarchaeotes currently called thaumarchaeotes (24 trees), crenarchaeotes (44 trees), and euryarchaeotes (77 trees), which have ([@bib27]; [@bib14]; [@bib47]). Because of imbalanced lineage sampling, the data do not speak unambiguously in favor on any particular theory. Nevertheless, the distribution of signals in [figure 4](#fig4){ref-type="fig"} is more in line with the prediction of an "archaebacterial nature of the eukaryotic genetic apparatus and a eubacterial ancestry of eukaryotic energy metabolism" ([@bib69]) than with the predictions of other theories.

Some might take the sisterhood frequency of δ-proteobacterial genes to eukaryotic homologues as evidence in favor of a participation of δ-proteobacteria at eukaryote origins, but the same logic would then have to be applied to γ-proteobacterial genes, actinobacterial genes, cyanobacterial genes, spirochaete genes, and so forth; the various theories for the origin of eukaryotes that generate those predictions cannot all be simultaneously correct. The simplest interpretation in our view is that shown in [figure 9](#fig9){ref-type="fig"}. Particularly with regard to δ-proteobacterial sisterhood, we point out that in gene sharing networks of proteobacteria, the frequency of lateral gene sharing between δ-proteobacteria and α-proteobacteria is higher than within α-proteobacteria themselves ([@bib48]), such that gene transfer among prokaryotes prior to, and subsequent to, the origin of mitochondria could readily account for the observation. In that sense, the mitochondrion remains a plausible alternative as the sole biological source of oddly branching eubacterial genes in the genome of the eukaryotic ancestor, one requiring little in the way of corollary assumptions---all we have to assume is the gene transfer among prokaryotes has always been more or less like it is today, and we do not have to assume additional cellular partners whose ribosomes disappear. Eukaryotes (that lack plastids) possess only two kinds of ribosomes: archaebacetrial ribosomes in the cytosol and eubacterial ribosomes in the mitochondrion. Theories that posit cellular partners other than the mitochondrion and its host have to account for the disappearance of the additional genomes and ribsomes, and why the data should tend to support one partner (a δ-proteobacterium for example) over another (a γ-proteobacterium or spirochaete) even though the competing alternative signals are more or less equally strong.

Too Many Inferred Cells and Donor Lineages
------------------------------------------

In the literature on endosymbiosis and gene transfer from organelles to the nucleus, it is commonplace to speak about "eukaryotic genes of α-proteobacterial origin." But the taxonomic or lineage designation "α-proteobacterial" is in fact very problematic, and perhaps even more arbitrary that problematic. In the context of eukaryote gene origins, most readers will associate "α-proteobacterial" with "mitochondrial," and attribution of a gene origin to a cellular partner is uncontroversial; the existence of a donor cell is inferred from an observation in a phylogenetic tree. The implicit reasoning is: per donor lineage identified, add one cellular partner. That is seemingly unproblematic for α-proteobacteria (or cyanobacteria for plastids), but by that measure, we would infer 22 different prokaryotic cells (including a cell from the phylum "other") at the origin of eukaryotes on the basis of the present data. The participation of 22 different cells to construct LECA and then no subsequent additions for the next ∼1.8 billion years for the genes and lineages sampled here are not likely in our view, though not prohibitively complex as an idea, if we think openly. But the more subtle problem lies elsewhere: the arbitrary level at which we define a lineage from which the cell is to be inferred.

Namely, if we alter the level of taxonomic specificity with which we describe in [figure 2](#fig2){ref-type="fig"}, we will infer fewer or more numerous cells participating at eukaryote origin as endosymbionts and hosts. For example, if we were to increase the taxonomic resolution for our designation/definition of a "donor lineage" to the level of prokaryotic families, then we would infer 148 different donor lineages (i.e., how many families there are in our sample whose genes populate eukaryote sister groups in our trees) and hence 148 different prokaryotic cells in symbiotic association at eukaryote origin, given the present sample. Or we can take things one step further: at the level of genera and species, the numbers increase to 349 cells and 768 cells participating in the origin of the eukaryote common ancestor, respectively. And as the sample of sequenced genomes grows over time, so will the number of inferred donors to LECA.

Thus, that avenue of interpretation (one cell per lineage) is clearly problematic and leads to chaos because of the arbitrariness of choosing or defining the taxonomic level at which to seek or find a donor lineage. One solution is to simply zoom out in terms of taxonomic resolution, and conceptually operate at the level of domains, in which case we would conveniently have one eubacterium (the mitochondrial endosymbiont) and one archaebacterium (the host) implicated at eukaryote origins. That would solve the "one cell inferred per lineage identified" conundrum, but it is only half of the problem. The other half concerns the concept of a prokaryotic "lineage" in the context of the amount of geological time (about 1.8 billion years) that the fossil record implores us to keep in mind when considering eukaryote origins.

In terms of how genes behave in chromosomes over time, there are two ways to think about prokaryote lineages: they have static chromosomes that are immune to LGT and differences in gene content across members of a lineage are generated only by gene loss or they have fluid chromosomes with genes coming into exiting genomes of members of the "lineage" over time. The latter fluid chromosome view has recently been presented in more generalized form as the public goods hypothesis for prokaryotic genes ([@bib74]). Readers familiar with prokaryote chromosome evolution will immediately complain that the static chromosome model is unrealistic and outdated, but it is very real and manifest---but usually implicit---in literature concerning eukaryote gene origins. Clearly, what we consider to be a "donor lineage" at eukaryote origin depends on the level of taxonomic resolution chosen to represent a "lineage" in our prokaryotic survey.

For example, if we go to the level of species or strains, and adhere to the concept of a static prokaryote chromosome model (that is if we neglected LGT among prokaryotes over geological time, which we do not), we would conclude that the most potent donor of genes to the common ancestor of the eukaryotic lineage was the creanarchaeon (thaumarchaeote) *Nitrosopumilus maritimus* strain SCM1, which appears in the clade adjacent to the eukaryote gene 54 times, 3 time more than the next most potent apparent donor, the korarchaeon *Candidatus korarchaeum cryptofilum* strain OPF8. But the origin of eukaryotes occurred some ∼1.8 billion years ago ([@bib81]). If we were assuming a static chromosome model and thus claiming (which we are not) that specific strains of prokaryotes served as donors of eukaryotic genes ∼1.8 billion years ago, then we would be assuming (which we do not) that *Nitrosopumilus maritimus* SCM1, defined by the specific collection of 1,795 genes in its genome, existed ∼1.8 billion years ago. Implicitly, we would then also be assuming (which we do not) that all the other species and strains in the present study also existed in their modern form ∼1.8 billion years ago.

The cogent reader would immediately, and rightly, protest that no contemporary prokaryotic strain with its current specific collection of genes could have existed ∼1.8 billion years ago. This is all the more evident in light of gene content differences among *E. coli* strains, a well-studied case. In 61 sequenced *E. coli* genomes, there are about 18,000 genes, only about 4,500 of which occur in any individual strain ([@bib62]). Each new sequenced strain uncovers a new combination of genes present in the *E. coli* pan-genome and about 200 ORFs new to the species pan-genome. The *E. coli* core genome (present in all 61 sequenced strains) is currently ≤1,000 genes, and no *E. coli* genome harbors more than about 25% of all 18,000 genes found in the species ([@bib62]). If we move up the taxonomic scale to the level of γ-proteobacteria, the problem gets worse: A sample of 157 γ--proteobacteria (subclass) was found to harbor 40,327 different gene families ([@bib48]), and a sample of 329 proteobacteria (class or phylum) was found to harbor about 75,000 different genes ([@bib48]). An average individual proteobacterium only has about 3,000--4,000 genes and none has more than 9,703, the number found in *Sorangium cellulosum* So ce 56. The difference between ∼75,000 genes present in proteobacteria and ∼3,000 present in a given strain is not attributable to differential loss from a proteobacterial ancestor that had 75,000 genes, but it is readily attributable to gene flow (LGT) among individuals and individual strains of proteobacteria and among proteobacteria with other prokaryotes (Doolittle 1999; [@bib25]; [@bib15]).

Because of the foregoing considerations, reasoning along the lines of "one cell inferred per donor lineage identified" is misleading, mainly because if we are talking about genes in genomes (which we are), the word "lineage" does not have a well-specified meaning in a context where we try to relate collections of genes present in individual prokaryote genomes that existed ∼1.8 billion years ago to genes present in individual modern sequenced genomes. Nonetheless, there is a current trend in the literature of inferring cells where a few genes give unexpected trees, the invisible "chlamydial" sidekick at plastid origins being perhaps the most prominent example ([@bib44]; [@bib6]; [@bib78]). But that line of argumentation will necessarily subside at some point, for two reasons. First, it will not lead to any form of convergence as more genomes become sampled. On the contrary, with increased sampling of prokaryotic genomes for reference comparisons, the phylogenetic "identity" of donor lineages to the eukaryotic common ancestor will continue to change and will furthermore continue to spread out across more prokaryotic genomes. Second, and more severely, if one looks for a few genes that suggest a chamydial partner one will find them, but if one looks for a few genes that suggest a spirochaete partner, one will find them too, and a clostridial partner to boot, and so forth. Because eukaryotes have so many genes, if we look for a particular phylogenetic pattern, the chances are that we will find it at a low frequency in eukaryote genomes by chance alone ([@bib95]), but we need to look at all the genes in eukaryote genomes, not just ad hoc gene samples that support a particular story. In phylogenomics, we need to keep random phylogenetic error in mind ([@bib95]), and the interpretations of the data need to encompass gene transfer among prokarytes because it is a very real component of microbial evolution.

All things being equal, if our present considerations are approximately on target, as sampling improves the end result might tend to asymptotically approach one apparent prokaryotic donor chromosome per eukaryotic gene, even if---as we maintain---only two cells, a mitochondrial endosymbiont and its archaebacterial host, each with a discrete and specific collection of genes, participated at eukaryote origin. As sampling improves, a more realistic, temporally dynamic prokaryote lineage concept with fluid genomes and genes as public goods will figure more widely into thinking on eukaryote gene origins. Because genes that contributed to the eukaryote common ancestor lineage have different individual histories, networks, rather that trees alone, are integral to the study of eukaryote origins, and the explanatory context needs to recognize the importance of endosymbiosis and gene transfer in evolution.
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